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Abstract. In this paper dynamic responses of a 2R manipulator which operates in zero-gravity 
state of out-space station are studied, specially considering both the impacts which are applied on 
its link ender and the base motion excitation. The ender impact and joint impact refer to the forces 
induced by capturing free-flying target or sudden locked of joint respectively, whereas the base 
motion excitation of the manipulator refers to the motion of its attached spacecraft. Firstly the 
governing equations of the 2R manipulator subjected to above two categories of excitations are 
established. The joint frictions are also included and expressed by Stribeck friction model together 
with flexible stiffnesses of joints. Numerical simulations of the dynamic model of the system 
under different cases of impact and base motion excitations show that the dynamic behaviors of 
the ender of the manipulator are differently described by both transient trajectories in time-domain 
and amplitude-frequency spectra in frequency domain. 
Keywords: 2R manipulator in zero-gravity state, impact, base excitation, dynamic responses. 
1. Introduction 
A 2R space manipulator which operates on an outer-space station is an important equipment 
to achieve tasks such as satellite capture and maintenance, or certain experiments [1, 2]. The 
dynamic responses or motion behaviors of the manipulator in zero-gravity state are not only 
determined by its natural characteristics, but also affected by unavoidable external excitations 
including external impact and base movement of the attached spacecraft. It is significant to predict 
its complicated dynamic behaviors for designing an effective structure and corresponding control 
strategy to guarantee achieving expected tasks before practical out-space launch. 
Many works were already reported on the kinematics and dynamics characteristics of 
manipulators operating in out-space. Nokleby [3], Kim [4] and Phuoc [5] proposed an analytical 
model to describe the moving trajectory of an out-space manipulator, which is different from that 
of it under traditional gravity environment. Agrawal [6], Dubowsky [7] and Yoshida [8] presented 
the movements of the spacecraft influenced by manipulators fixed on it, and proposed a suitable 
planning arithmetic of the moving trajectory of out-space manipulator. Nohmi [9] found the 
movement of the manipulator can be used to adjust the posture of the spacecraft, although the 
coupling of the manipulator and the spacecraft makes the trajectory planning and controlling to 
be more difficult. 
Besides the interaction between the manipulator and the spacecraft, many of the manipulators 
also suffer from external impact excitations [10]. The external impact can affect the dynamic 
behavior of the manipulator greatly. There are two kinds of typical impacts that can apply on a 
manipulator, i. e. the impact due to the capturing of an object and the sudden lock of its joint.  
Even the out-space manipulator moves at low velocity and can be regarded as a rigid-body 
system, the influences on dynamic behaviors of it excited by the external impacts and base motion 
are serious, which ender motion will deviate from the desired trajectory positions severely and 
oscillate unstably. The transient process of the motions of manipulator is so complicated that it is 
difficult to predict accurately. In practice design of out-space manipulator, it is critical to discover 
the dynamic behaviors of the manipulator excited impacts and base motions. However, up to now, 
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a few studies were reported on this topic besides a few results introduced above about the out-
space manipulators related to impact and base motion excitations. 
In this paper the governing equations of a 2R manipulator in zero-gravity state are established 
in details, involving the joint frictions. Then different external excitations on the manipulator, 
including three kinds of impact and five kinds of base motions, are numerically simulated and 
compared to demonstrate its dynamic responses in time and frequency domains. 
2. Dynamic model of the 2R manipulator 
A typical 2R manipulator consists of a base and two links, as shown in Figure 1. The base is 
fixed on the space station. Joints 𝑂1 and 𝑂2 are rotating hinge joints, so that links 1 and 2 can 
revolve around the two joint axes respectively if driven. The global coordinate system is set as 
𝑂𝑋𝑌𝑍. A local coordinate system of 𝑜0𝑥0𝑦0𝑧0 is defined along the rotation direction of joint 𝑂1, 
and the coordinate axis 𝑧0 is collinear with the rotating direction of 𝑂1, which is parallel to the 
global coordinate. The local coordinate system of 𝑜1𝑥1𝑦1𝑧1 is defined along the rotating direction 
of joint 𝑂1 and attaches to the base. Another local coordinate system of 𝑜2𝑥2𝑦2𝑧2 is defined along 
the rotation axis of joint 𝑂2 and attaches to the link 1. 
In operating cases, possible external forces or torques could apply on the ender of manipulator, 
which can be decomposed along the global coordinate axes such as 𝐹𝑥  in 𝑥 -direction, 𝐹𝑦  in 
𝑦-direction and 𝑀𝑧 around the 𝑧-direction, as shown in Fig. 1. These external forces on the ender 
will be balanced by the joint driving torques 𝜏1  and 𝜏2  of joints 𝑂1  and 𝑂2 . Besides, the base 
motion due to the space station movement will be regarded as external excitation motions acting 
on the manipulator through joint 𝑂1. 
 
Fig. 1. Mechanical model of a 2R planar manipulator 
2.1. Kinematics 
According to the mechanical model of the 2R planar manipulator shown in Fig. 1, the 
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kinematics equations are presented as follows. The transfer matrix of the manipulator can be 
written as: 
𝐓 = 𝐀0
𝐵𝐀1
0𝐀2
1 = [
𝑐0 −𝑠0 0
𝑠0 𝑐0 0
0 0 1
] [
𝑐1 −𝑠1 𝑙1𝑐1
𝑠1 𝑐1 𝑙1𝑠1
0 0 1
] [
𝑐2 −𝑠2 𝑙2𝑐2
𝑠2 𝑐2 𝑙2𝑠2
0 0 1
]
= [
𝑐012 −𝑠012 𝑙2𝑐012 + 𝑙1𝑐01
𝑠012 𝑐012 𝑙2𝑠012 + 𝑙1𝑠01
0 0 1
], 
(1) 
where 𝑐𝑖 = cos𝜃𝑖, 𝑠𝑖 = sin𝜃𝑖, 𝑐012 = cos(𝜃0 + 𝜃1 + 𝜃2), 𝑠012 = sin(𝜃0 + 𝜃1 + 𝜃2). 𝑙1, 𝑙2
 
are the 
lengths of link 1 and 2. The position of the manipulator ender is also given by: 
𝐩 = (
𝑙2𝑐012 + 𝑙1𝑐01
𝑙2𝑠012 + 𝑙1𝑠01
). (2) 
The Jacobian matrix of the manipulator is deduced as follows: 
𝐉 = [
−𝑙2𝑠012 − 𝑙1𝑠01 −𝑙2𝑠012
𝑙2𝐶012 + 𝑙1𝑐01 𝑙2𝑐012
]. (3) 
From Eqs. (2) and (3), the acceleration of the ender can be deduced as follows: 
?̈? = 𝐉?̈? + ?̇??̇?, (4) 
where ?̇? is the derivative of Jacobian matrix with respect to time, which is expressed as: 
?̇? =
𝑑𝐉
𝑑𝑡
=
𝜕𝐉
𝜕(𝑞0+𝑞1)
(?̇?0+?̇?1) +
𝜕𝐉
𝜕𝑞2
?̇?2, (5) 
where 
𝜕𝐉
𝜕(𝑞0+𝑞1)
= [
−𝑙2𝑐012 − 𝑙1𝑐01 −𝑙2𝑐012
−𝑙2𝑠012 − 𝑙1𝑠01 −𝑙2𝑠012
], 
𝜕𝐉
𝜕𝑞2
= [
−𝑙2𝑐012 −𝑙2𝑐012
−𝑙2𝑠012 −𝑙2𝑠012
]. 
2.2. Base motion excitation of manipulator 
The movement of the spacecraft is regarded as base motion excitation for the 2R manipulator, 
which can be linear translation or rotation. When the spacecarft is still or moves in straight line 
with constant velocity, there is no additional force acting on the manipulator. But when it moves 
in a constant acceleration, the base motion excitation is significant for the manipulator. It is 
assumed that the base motion acceleration is as follows: 
𝐚 = {
𝑎𝑥
𝑎𝑦
}. (6) 
On the other way, if the base movement is a rotating one around the 𝑧0 axis, an additional 
moment will act on the joint 𝑂1 which is similar to a friction moment. 
2.3. Impact loads of manipulator 
The external impact forces determining the dynamic responses of the manipulator include the 
locking force of joint and the capturing of free-flying target discussed here. Taking the example 
of capturing of a free-flying target by the manipulator, the impact force and impact moment will 
act on the ender, they are: 
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𝐅𝑠(𝑡) = {
𝐅(𝑡), 𝑡1 ≤ t ≤ 𝑡1 + 𝛥𝑡,
0, else,
 (7) 
𝐌𝑠(𝑡) = {
𝐌𝑧(𝑡), 𝑡1 ≤ 𝑡 ≤ 𝑡1 + 𝛥𝑡,
0, else,
 (8) 
where 𝐅(𝑡) = {𝐹𝑥(𝑡) 𝐹𝑦(𝑡)}𝑇, which are force components in 𝑥 and 𝑦-directions, and 𝛥𝑡 is the 
capturing time. 
When the free-flying target is captured successfully, it can be regarded as one part of link 2, 
thus the dynamic characteristics of the manipulator will be changed due to the added mass of the 
target body. 
2.4. Dynamics of the manipulator 
Assuming the velocity and acceleration of the mass center of the link 𝑖, 𝐶𝑖 , are 𝐯𝑐𝑖  and ?̇?𝑐𝑖 
respectively, the angular velocity and the angular acceleration of link 𝑖 around 𝐶𝑖 are 𝛚𝑖 and ?̇?𝑖 
respectively. Involving the acceleration of the base movement 𝐚 as shown above, the dynamic 
equations of the two links without any friction moments are as follows: 
Link 1: 
𝐅1
0 = 𝐅1
2 + 𝑚1?̇?𝑐1 − 𝑚1𝐚, (9) 
𝐌1
0 = 𝐌1
2 − 𝐫1,𝑐1 × 𝐅1
2 + 𝐫0,𝑐1 × 𝐅1
0 + 𝐈1?̇?1 + 𝛚1 × 𝐈1𝛚1, (10) 
Link 2: 
𝐅2
1 = −𝐅3 + 𝑚2?̇?𝑐2 − 𝑚2𝐚, (11) 
𝐌2
1 = −𝐌3 + 𝐫2,𝑐2 × 𝐅3 + 𝐫1,𝑐2 × 𝐅2
1 + 𝐈2?̇?2 + 𝛚2 × 𝐈2𝛚2, (12) 
where 𝐅1
0 and 𝐌1
0 are the force and the moment acting on the link 1 coming from the base, and 𝐅2
1 
and 𝐌2
1 are the force and the moment acting on the link 2 transferred from link 1. 𝐅3 and 𝐌3 are 
the external force and the moment acting on the end of link 2, 𝐫𝑖−1,𝑐𝑖 is the distance vector from 
𝑂𝑖  to 𝐶𝑖. 𝐈𝑖 is the inertia moment of the link 𝑖 relative to 𝐶𝑖. 𝑚𝑖 is the mass of the link 𝑖. 
Based on Eqs. (9)-(12), the dynamic equations of the 2R manipulator are established as follows: 
𝐌(𝜃)?̈? + 𝐂(𝜃, ?̇?)?̇? + 𝐠(𝜃) = 𝜏, (13) 
where 𝜽 = {
𝜃1
𝜃2
}  is the joint variable,  𝐌(𝜃) = [
𝑀11 𝑀12
𝑀21 𝑀22
]  is the inertial matrix,  
𝐂(𝜃, ?̇?) = [
𝐶11 𝐶12
𝐶21 𝐶22
] is the damping matrix containing Coriolis force, 𝐠(𝜃) = {
𝐺1
𝐺2
} are the base 
acceleration and external load and 𝛕 = {
𝜏1
𝜏2
} are the driven torques of the two joints. The detailed 
expressions of the above matrices are given as follows: 
𝑀11 = 𝑚1𝑙𝑐1
2 + 𝑚2(𝑙1
2 + 𝑙𝑐2
2 + 2𝑙1𝑙𝑐2𝑐2) + 𝐼1 + 𝐼2,    𝑀12 = 𝑀21 = 𝑚2(𝑙𝑐2
2 + 𝑙1𝑙𝑐2𝑐2) + 𝐼2, 
𝑀22 = 𝑚2𝑙𝑐2
2 + 𝐼2,    𝐶11 = −2𝑚2𝑙1𝑙𝑐2?̇?2𝑠2,    𝐶12 = −𝑚2𝑙1𝑙𝑐2?̇?2𝑠2,    𝐶21 = 𝑚2𝑙1𝑙𝑐2(?̇?0 + ?̇?1)𝑠2, 
𝐶22 = 0, 
𝐺1 = −𝑀𝑧 + (𝐹𝑦𝑙𝑐2 − 𝐹𝑦𝑙2 − 𝑚2𝑙𝑐2𝑎𝑦)𝑐012 + (𝐹𝑥𝑙2 − 𝐹𝑥𝑙𝑐2 + 𝑚2𝑙𝑐2𝑎𝑥)𝑠012
− (𝑚2𝑙1𝑎𝑦+𝑚1𝑙𝑐1𝑎𝑦)𝑐01 + (𝑚2𝑙1𝑎𝑥+𝑚1𝑙𝑐1𝑎𝑥)𝑠01, 
𝐺2 = −𝑀𝑧 + (𝐹𝑦𝑙𝑐2 − 𝐹𝑦𝑙2 − 𝑚2𝑙𝑐2𝑎𝑦)𝑐012 + (𝐹𝑥𝑙2 − 𝐹𝑥𝑙𝑐2 + 𝑚2𝑙𝑐2𝑎𝑥)𝑠012. 
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2.5. Flexibility and friction of joints 
The flexibility of each joint affects the dynamic behaviors of the manipulator greatly [11]. 
Nahvi [12] presented that the joint flexibility has significant effect on the manipulators and causes 
high frequency vibration. Korayem [13] reported that the increasing of the joint flexibility can 
decrease the maximum carrying capacity of a manipulator. 
Besides the effect of joint flexibility on dynamics of manipulator, the joint friction is another 
important factor for manipulator dynamics. Nowadays many models have been proposed to 
describe joint friction. Reyes [14] gave a viscous-Coulomb friction model and used it in tracking 
control of a 2R planar manipulator. Moreno [15] used an observer of Dahl-viscous friction model 
in controlling a 2R manipulator, and found that the compensation of this kind of friction model 
was better than that of viscous-Coulomb friction. Then he proposed a new resolved acceleration 
controller based on the friction model in trajectory tracking and compared with those of viscous 
friction and Coulomb friction [16]. Zhang [17] proposed a self-adaptive nonlinear dynamic 
friction compensation method to carry out friction disturbance compensation in a 2R manipulator. 
Bona [18] used the static part of the LuGre friction model to predict the friction torque in trajectory 
tracking control. 
In this paper a Stribeck friction model [19] is used to describe the joint friction of the 2R 
manipulator in zero-gravity state. It is suitable to approximate experiment based values and can 
avoid the singularity of numerical simulation such as the case of zero angular velocity. It is defined 
as: 
𝑓(?̇?𝑖) = 𝐵𝑣,𝑖?̇?𝑖 + 𝐵𝑓1,𝑖 (1 −
2
1 + 𝑒2𝜔1,𝑖?̇?𝑖
) + 𝐵𝑓2,𝑖 (1 −
2
1 + 𝑒2𝜔2,𝑖?̇?𝑖
), (14) 
where 𝐵𝑣,𝑖 is a viscous friction coefficient, 𝐵𝑓1,𝑖 and 𝐵𝑓2,𝑖 are the Coulomb friction coefficient and 
Stribeck friction coefficient, respectively. 𝜔1 and 𝜔2 are the coefficients which will determine the 
curve’s slope of the Coulomb friction and Stribeck friction separately. 
Involving the joint stiffness and the friction moment of manipulator as discussed above, 
Eq. (13) can be re-written as follows: 
𝐌(𝜃)?̈? + 𝐂(𝜃, ?̇?)?̇? + 𝐠(𝜃) = 𝛕 − 𝐟(?̇?) − 𝐊(𝜃 − 𝜃0), (15) 
where 𝐟(?̇?) is the friction vector, 𝐊 is the joint stiffness matrice, 𝜃0 is the angle deviated from the 
locked position. 𝐟(?̇?) and 𝐊 are defined as 𝐟(?̇?) = {
𝑓(?̇?1)
𝑓(?̇?2)
} and 𝐊 = [
𝑘1 0
0 𝑘2
]. 
3. Numerical results  
3.1. Model parameters 
The structural parameters of the 2R planar manipulator shown in Fig. 1 are listed in Table 1. 
Assume the friction coefficients of the two joints as introduced in Eq. (14) are 𝐵𝑣 = 1.5 kgm
2/s, 
𝐵𝑓1 = 0.2 kgm
2/s2, 𝐵𝑓2 = 0.2 kgm
2/s2, 𝜔1 = 1, 𝜔2 = 1.  
Assume the stiffness coefficients of the two joints are 𝑘1 = 250 N/rad, 𝑘2 = 250 N/rad. The 
mass of the capturing target is 1 kg. 
Table 1. Structural parameter values of the 2R manipulator 
Link 𝑖 𝐼𝑖 (kgm
2) 𝑚𝑖 (kg) 𝐿𝑐𝑖 (m) 𝐿𝑖 (m) 
1 0.04 2 0.075 0.15 
2 0.04 2 0.075 0.15 
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3.2. Simulation method 
The 2R manipulator operating in zero-gravity state shown in Fig. 1 is fixed on the base. 
Because the whole mass of the manipulator is much smaller than that of the attached spacecraft, 
the movement of manipulator is regarded that it does not affect the dynamics of space station at 
all. 
It is supposed the manipulator is locked at the position 𝛉 = {0  0}T initially, which is also the 
zero-position. The moving displacements in Cartesian coordinate system of each link caused by 
base motion or impact applied on its ender can be defined as shown in Fig. 2. Numerical 
simulations will be used to compare these displacement components when different impacts and 
base movement excitations are applied on the manipulator. 
 
Fig. 2. Displacements of the ender 
3.3. Simulation cases 
In order to describe influence of the external impact at ender on the dynamics behavior of the 
manipulator, three impact cases are chosen and defined as follows: 
Impact 1: At initial time 𝑡 = 0, 𝛉 = {0  0}𝑇 rad  and ?̇? = {2  2}𝑇 rad/s , the manipulator is 
locked suddenly. 
Impact 2: An impact force 𝐅 = {0  100}𝑇 N acts on the ender when capturing a target, and lasts 
0.2 s, and then the target slides off. 
Impact 3: An impact force 𝐅 = {0  100}T N acts on the ender when capturing a target, and lasts 
0.2 s, and then the target is captured. 
There are also 5 cases of base motion excitations, including movements of constant velocity, 
constant acceleration, periodic ones and so on. The simulation cases including 5 kinds of base 
excitations with 3 different impacts respectively are listed in Table 2. 
Table 2. Simulation cases list 
Excitation 1 
The base moves in straight path at a constant velocity of  
𝐯 = {5  5}𝑇 m/s, 𝜔𝑧 = 0 rad/s. 
Impact 1 
Impact 2 
Impact 3 
Excitation 2 
The base moves at a constant acceleration of 
𝐯 = {5𝑡   − 5𝑡}𝑇 m/s, 𝜔𝑧 = 0 rad/s. 
Impact 1 
Impact 2 
Impact 3 
Excitation 3 
The base moves in a path of periodic oscillation around axis 𝑧0, and  
𝐯 = 0  m/s, 𝜔𝑧 = 0.5cos2𝜋𝑡 rad/s. 
Impact 1 
Impact 2 
Impact 3 
Excitation 4 Excitation 3 superimposing a narrow- band disturbance. 
Impact 1 
Impact 2 
Impact 3 
Excitation 5 Excitation 3 superimposing a broad-band disturbance. 
Impact 1 
Impact 2 
Impact 3 
1
2
1x
1y
2x
2y
y

x
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3.4. Simulated results 
The numerical simulation results of each case listed in Table 2 are described as follows. 
3.4.1. Excitation 1 
The case of Excitation 1 refers to one in which the base moves in straight path at a constant 
velocity of 𝐯 = {5  5}𝑇 m/s , 𝜔𝑧 = 0 rad/s . The ender displacements and the corresponding 
frequency spectra in 𝑥- and 𝑦-directions in the case of Excitation 1 are shown in Fig. 3. 
 
a) The displacements of ender with Impact 1 
 
b) The spectrogram of the displacement in 
𝑦-direction with Impact 1 
 
c) The displacements of ender with Impact 2 
 
d) The spectrogram of the displacement in 
𝑦-direction with Impact 2 
 
e) The displacements of ender with Impact 3  
 
f) The spectrogram of the displacement in  
𝑦-direction with Impact 3 
Fig. 3. The ender displacements and corresponding spectrograms in 𝑦-direction with Excitation 1 
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Fig. 3a is the displacement history of the ender where the manipulator is only excited by 
Impact 1. Because of the impact due to sudden locking of joints, the ender will oscillate and 
deviate from the desired position. The displacement amplitudes in 𝑥- and 𝑦-directions decrease 
quickly due to the damping of the joint frictions. After about 2.5 s the ender stops fluctuating and 
stabilizes at 0 in both 𝑥- and 𝑦-directions. Fig. 3b is the frequency spectra of the displacement in 
𝑦-direction under Impact 1. The frequency components are centered around 4.3 Hz. The peak 
values of them decrease over time and become 0 finally. 
 
a) The displacements of ender with Impact 1  
 
b) The spectrogram of the displacement in 
𝑦-direction with Impact 1 
 
c) The displacements of ender with Impact 2  
 
d) The spectrogram of the displacement in 
𝑦-direction with Impact 2 
 
e) The displacements of ender with Impact 3 
 
f) The spectrogram of the displacement in  
𝑦-direction with Impact 3 
Fig. 4. The ender displacements and corresponding spectrograms in 𝑦-direction with Excitation 2 
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Fig. 3c are the displacements of the ender under Impact 2. Because of the impact effort of 
capturing a flying target, the ender will deviate sharply from its original position. The 
displacements in 𝑥- and 𝑦-directions fluctuate greatly and their amplitudes decrease quickly. After 
about 3.5 s, the ender comes to stabilize at 0 in both directions. Fig. 3d is the frequency spectra of 
the displacement in y-direction under Impact 2. The frequency components are centered around 
4.3 Hz too. 
Fig. 3e shows the time histories of the ender displacements under the case of Impact 3. It shows 
similar behaviors of those of the above case of Impact 2, but the stabilizing time is about 5 s. 
Fig. 3f is the frequency spectra of the ender and the frequency components are centered around 
3.3 Hz. 
3.4.2. Excitation 2 
The case of Excitation 2 refers to one that the base moves at a constant acceleration of  
𝐯 = {5𝑡   − 5𝑡}𝑇 m/s , 𝜔𝑧 = 0 rad/s . In this case the simulated ender displacements and the 
corresponding frequency spectra in 𝑦-direction are shown in Fig. 4. 
Fig. 4a and b show the displacement histories and corresponding frequency spectra of the ender 
movements under the condition of Excitation 2 together with Impact 1. The stabilizing processes 
and central values of frequency components of the ender displacements are different, i. e. 7.5 mm 
in 𝑦-direction and about 0 mm at 𝑥-direction at the time of 3 s. The frequency components are 
centered around 0 Hz and 4.3 Hz in the frequency spectra of displacement in 𝑦-direction. 
Fig. 4c and d show those data of the ender movements in the case of Excitation 2 with Impact 2. 
The time histories and frequency spectra of the ender displacements are similar to those of the 
case of Impact 1, only except that the low frequency components appear at the beginning time due 
to the impact which acts on the ender. 
Fig. 4e shows the displacement histories in the case of Excitation 2 with Impact 3, which are 
similar with the above case of Impact 2, but the stabilizing time is about 4s, and the stabilizing 
displacement in 𝑦 -direction is 11.5 mm. In Fig. 4f the two large frequency components of 
displacement in 𝑦-direction are centered on 0 Hz and 3.3 Hz. 
3.4.3. Excitation 3 
The case of Excitation 3 refers to one that the base moves in a path of periodic oscillation 
around the coordinate axis 𝑧0  of the global system 𝑜0𝑥0𝑦0𝑧0,  and 𝐯 = 0 m/s,  
𝜔𝑧 = 0.5cos2𝜋𝑡 rad/s. In this case the simulated ender displacements and the corresponding 
frequency spectra in 𝑦-direction are shown in Fig. 5. 
Fig. 5a and b show the displacement histories and corresponding frequency spectra of the ender 
movement under the condition of Excitation 3 together with Impact 1. After a short fluctuating 
the displacements of the ender tend to be in a periodic pattern, and period of which is equal to that 
of the external excitation. The stable amplitudes are about 0.02 mm in 𝑥-direction and 2.5 mm in 
𝑦-direction after 2.5 s. The frequency components in 𝑦-direction are centered around 2 Hz and 
4.3 Hz, and the component of 2 Hz does not decrease over time. 
Fig. 5c and d show those data of the ender movement in the case of Excitation 3 but with 
Impact 2. They are similar to the case of Impact 1, except appearing obviously a low frequency 
component at the beginning of impact. 
Fig. 5e and f show the same behavior as Fig. 5c and d. But after 4 s the amplitude in 𝑦-direction 
is about 3 mm. The two main frequency components are centered on 2 Hz and 3.3 Hz. 
Unlike the cases of Excitation 1 and Excitation 2, the displacements under Excitation 3 tend 
to periodic motions finally. The frequency components centered on 2 Hz are caused by the 
periodic base excitation and do not decrease over time.  
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3.4.4. Excitation 4 
The case of Excitation 4 refers to one that Excitation 3 is superimposed by a narrow-band noise. 
In this case the simulated ender displacements and the corresponding frequency spectra in 
𝑦-direction are shown in Fig. 6. 
Fig. 6 shows the power spectrum density (PSD) and time history of the narrow-band noise 
added as disturbance with frequency components centered around 2 Hz. 
 
a) The displacements of ender with Impact 1 
 
b) The spectrogram of the displacement in 
𝑦-direction with Impact 1 
 
c) The displacements of ender with Impact 2  
 
d) The spectrogram of the displacement in 
𝑦-direction with Impact 2 
  
e) The displacements of ender with Impact 3 
 
f) The spectrogram of the displacement in  
𝑦-direction with Impact 3 
Fig. 5. The ender displacements and corresponding spectrograms in 𝑦-direction with Excitation 3 
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Fig. 6. Narrow-band disturbance 
 
a) The displacements of ender with Impact 1 
 
b) The spectrogram of the displacement in 
𝑦-direction with Impact 1 
 
c) The displacements of ender with Impact 2  
 
d) The spectrogram of the displacement in 
𝑦-direction with Impact 2 
 
e) The displacements of ender with Impact 3 
 
f) The spectrogram of the displacement in  
𝑦-direction with Impact 3 
Fig. 7. The ender displacements and corresponding spectrograms in 𝑦-direction with excitation 4 
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Fig. 7a and b show the displacement history and corresponding frequency spectra of the ender 
movement under the condition of Excitation 4 together with Impact 1. After a transient process of 
about 2.5 s the ender displacements tend to oscillate in the range from -5 mm to 5 mm but not to 
be periodic. The peaks in frequency spectra are centered on 2 Hz and 4.3 Hz, together with small 
and continuous frequency contents distributing from 0 Hz to 6 Hz. 
Fig. 7c and d show the ender movements in the case of Excitation 4 with Impact 2. After a 
shorter transient process of about 1.5 s the displacements tend to oscillate in the range from -5 mm 
to 5 mm too. The dynamic behavior of this case is much similar as Impact 1. 
Fig. 7e and f show the ender movements in the case of Excitation 4 with Impact 3. After about 
2 s the displacements tend to vary in the same range. The two frequency content peaks are centered 
around 2 Hz and 3.3 Hz. 
Compared with Excitation 3, many noise frequency components from 0 Hz to 6 Hz appear in 
the frequency spectra under Excitation 4. 
3.4.5. Excitation 5 
The case of Excitation 5 refers to one when Excitation 3 is superimposed by a broad-band 
noise, which is shown in Fig. 8.  
 
Fig. 8. Broad-band disturbance 
In this case, the simulated ender displacements and the corresponding frequency spectrum 
diagrams in y-direction are shown in Fig. 9. Fig. 9a and b show the displacement histories and 
corresponding frequency spectra of the ender movement under the condition of Excitation 5 
together with Impact 1. The pattern of the ender movements is the same as in Excitation 4, but 
only the noise frequencies are different as their distribution range is 0~10 Hz. The similar 
simulated results are also illustrated in Fig. 9c and d of the case of Excitation 5 with Impact 2, and 
Fig. 9e and f of the case of Excitation 5 with Impact 3.  
3.5. Discussions 
As shown by the simulated ender displacements, the impacts and base excitations have great 
influence on the dynamic behaviors of the manipulator. When the base is static or moves in a 
straight line with constant velocity, the displacements of the ender will be easily stabilized at zero 
finally. If the base moves in constant acceleration, the displacements of the ender will be gradually 
stabilized at a certain offset position. 
From Fig. 3 it can be seen that under Excitation 1, when the external impacts act on the 
manipulator, the ender deviates from its desired position and fluctuates to stabilize at zero-position 
finally. Due to the successful capturing of a flying target, the frequency spectrum components of 
the case of Impact 3 are little different from those of Impact 1 and Impact 2. From Fig. 4 the 
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simulated results of ender motions in case of Excitation 2 show to have similar dynamic behaviors 
as those of Excitation 1, but different from stabilizing displacements, and the frequency 
components centered around 0 Hz appear due to the accelerating motions of the base. 
 
a) The displacements of ender with Impact 1 
 
b) The spectrogram of the displacement in 𝑦-direction 
with Impact 1 
 
c) The displacements of ender with Impact 2  
 
d) The spectrogram of the displacement in 𝑦-direction 
with Impact 2 
 
e) The displacements of ender with Impact 3 
 
f) The spectrogram of the displacement in  
𝑦-direction with Impact 3 
Fig. 9. The ender displacements and corresponding spectrograms in 𝑦-direction with excitation 5 
When the base motion excitation is periodic, the ender displacements become stable at last. 
From Fig. 5 the captured flying target can change not only the frequency components of ender 
motions, but also the amplitudes of the stable and periodic motions. The narrow-band and broad-
band disturbances of the base motions will affect the vibrations of the ender certainly. Comparing 
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with the narrow-band noise, the broad-band disturbance is much more obvious in both time 
domain and spectra. Capturing flying target can also change the dynamic behaviors of the 
manipulator greatly, because the nature frequencies of the system composed of manipulator and 
target could change greatly. 
4. Conclusions 
In this paper the kinematics and dynamic governing equations of a 2R manipulator subjected 
to external impacts and base motion excitations are established, supposing the mass parameters of 
the manipulator and flying target are far less than of the attached spacecraft. And then the dynamic 
behaviors of the space 2R manipulator in zero-gravity state under different impacts and base 
motion excitations are simulated and compared. 
According to the numerical simulated results, the manipulator will greatly oscillate when it is 
suddenly locked or impacted at the ender, and the displacement amplitudes of the ender decrease 
gradually because of joint friction, when the base is static or moves in constant acceleration. The 
ender will gradually stabilize in different ways if the impact loads are different. If the base moves 
in a periodic path, the external excitations also affect the ender displacements, even the periodic 
motions are not changed. The superimposed broad-band or narrow-band disturbances of the 
external excitations will also disturb the ender motions. 
There are obvious low frequencies caused by the flying target impact in frequency spectra 
compared with those due to impact force acting on the ender. The captured flying target can 
change the dynamic behaviors of the manipulator greatly due to the changing of the nature 
frequencies of the whole system. 
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